In Streptomyces albus during the heat shock response, a small heat shock protein of 18 kDa is dramatically induced. This protein was purified, and internal sequences revealed that S. albus HSP18 showed a marked homology with proteins belonging to the family of small heat shock proteins. The corresponding gene was isolated and sequenced. DNA sequence analysis confirmed that the hsp18 gene product is an analog of the 18-kDa antigen of Mycobacterium leprae. No hsp18 mRNA could be detected at 30؇C, but transcription of this gene was strongly induced following heat shock. The transcription initiation site was determined by nuclease S1 protection. A typical streptomycete vegetative promoter sequence was identified upstream from the initiation site. Disruption mutagenesis of hsp18 showed that HSP18 is not essential for growth in the 30 to 42؇C temperature range. However, HSP18 is involved in thermotolerance at extreme temperatures.
Streptomycetes are gram-positive, filamentous soil bacteria which undergo a complex cycle of morphological differentiation. They constitute an economically important group that produces a wide variety of unusual metabolites, including many of the naturally isolated antibiotics and other therapeutic agents.
The heat shock response in streptomycetes has been studied in order to analyze the involvement of the heat shock proteins (HSPs) in morphological and physiological differentiation. Unrelated organisms, from bacteria and fungi to plants and animals, respond to a heat shock by the expression of very similar proteins. In prokaryotes, the best-characterized HSPs are DnaK and GroEL. The pleiotropic phenotypes of dnaK and groEL mutants and biochemical studies have demonstrated that these proteins have physiologically diverse functions due to their role as molecular chaperones; they mediate the correct assembly of other polypeptides (4) . However, some organisms may have adapted HSPs for special requirements; HSPs in some prokaryotic and eukaryotic cells have been shown to play a role during development (11, 12, 20) . Significantly, there are reports indicating induction of GroEL at a crucial point of the Streptomyces cell cycle (5) .
Two different groEL-like genes are present in Streptomyces albus (a common feature in Streptomyces species) (16) . The S. albus groEL1 and groEL2 genes have been cloned, sequenced, and shown to be expressed. HSP56 is coded for by groEL2, and groEL1, which forms an operon with a groES-like gene, encodes HSP58.
During a survey of the heat shock response in a set of 15 streptomycetes, the induction of a small HSP of 18 kDa was observed in S. albus (see Fig. 6 ) in our laboratory (7) . An 18-kDa protein of an S. albus culture subjected to heat shock after normal growth was purified by a multistep procedure. N-terminal amino acid sequences were determined for the intact protein and internal peptides. The sequence of 49 amino acid residues was identical to that of the predicted product of the 5Ј end of the groEL1 gene.
In the context of our continuing studies of the possible processing events which may generate the 18-kDa protein from HSP58, we have tried other biochemical protocols allowing the purification of the 18-kDa heat-inducible protein. In the course of these studies, we discovered that there was at least one additional HSP18 protein, which we describe here. In this communication, in order to avoid a conflict in nomenclature, the GroEL1 N-terminal peptide that we formerly called HSP18 is now renamed Cpn18 (chaperone 18). Of the major HSP families, the small HSPs (smHSPs), or low molecular weight (LMW) HSPs, are the least conserved and the most elusive in function. The molecular masses of smHSPs range from about 15 kDa to over 30 kDa. They constitute a family that includes the alpha crystallin proteins of the vertebrate eye and are found in prokaryotes (18, 21) . In mycobacteria, a stress protein of 18 kDa is a major immunogen of the immune response (1) . The function of smHSPs in bacteria is still unknown. Recent biochemical analysis of smHSPs has revealed that they may act as molecular chaperones in protein folding and unfolding events (10) . Genetic analysis of eukaryotic smHSPs has determined that there is a role for these proteins in thermotolerance in mammalian cells but not in yeast cells (18) .
Here, we report the cloning and nucleotide sequence of the hsp18 gene. The transcriptional start site was determined, and the expression of this gene was analyzed during heat shock. An hsp18 null mutant was obtained by gene disruption. Analysis of this mutant suggests the involvement of HSP18 in thermotolerance.
MATERIALS AND METHODS
Bacterial strains, media, plasmids, and bacteriophages. An S. albus G strain (J1074) mutated for both SalI restriction and modification systems (3) and Streptomyces lividans TK23 were obtained from the John Innes Culture Collection and grown in yeast extract-malt extract (YEME) rich liquid medium containing 30% sucrose (9) . Escherichia coli TG1 (6) used in cloning experiments was grown in Luria broth supplemented with spectinomycin (30 g/ml) or ampicillin (100 g/ml) when appropriate. For the intergeneric conjugation between E. coli and streptomycetes, E. coli S17-1 (24) carrying an integrated RP4 derivative was employed. Plasmids pPM925 (25) and pUC18 and pUC19 (29) have been described previously. M13mp18 and M13mp19 (29) derivatives generated for sequencing were propagated in E. coli TG1.
Growth curves. Approximately 10 5 spores were used to inoculate YEME liquid medium and were grown with vigorous shaking at different temperatures (30, 37, and 42ЊC) . Aliquots of the culture were removed at various times, and growth curves were determined by measuring the DNA concentration by means of the diphenylamine reaction (2) .
Thermotolerance experiments. Cells were grown to a density of 5 ϫ 10 6 cells per ml in YEME liquid medium. A 50-ml portion of the culture was either exposed directly to the lethal temperature (46, 49, or 55ЊC) in a water bath or given a pretreatment at 40ЊC for 35 min prior to incubation at the lethal temperature. Following the heat treatment, 1 ml of cells was transferred to ice, diluted in Luria broth, and then spread onto Luria plates. Dilutions that gave 20 to 200 colonies per plate were used to determine cell survival.
Molecular genetic procedures. The techniques used for plasmid construction were carried out as described by Maniatis et al. (14) .
DNA sequencing. Both strands were sequenced by the dideoxy chain termination method with the universal primer of M13 and the Sequenase version 2.0 DNA sequencing kit (United States Biochemical Corp., Cleveland, Ohio). Part of the sequence was also obtained with synthetic oligonucleotide primers designed on the basis of known sequences.
Plasmid construction. S. albus genomic DNA was digested with BclI and SacI, and fragments in the range of 2.7 to 3.1 kb were partially purified by agarose gel electrophoresis and cloned between the BamHI and SacI sites of pUC18. Plasmid pPM1701 that contained the S. albus hsp18 gene was selected by screening with degenerate oligonucleotide XM1 [CG(CG)CTG ATG CTG CG(CG) CC (CG)CA].
So that it could be used to disrupt the hsp18 gene, pPM1762 was constructed as follows. A polylinker that contained a BamHI site was inserted in the unique MluI site of hsp18 carried on plasmid pPM1701 to yield pPM1745. The polylinker was constituted of two complementary oligonucleotides, XM23 (5Ј CGCGTGG GATCCCGATATCCGGGC 3Ј) and XM24 (5Ј CGCGCGGATATCGGGATC CCA 3Ј). The tsr gene (27) was isolated on a 1.8-kb BamHI fragment from pIJ39 and cloned into the BamHI site of the polylinker in pPM1745 to yield pPM1761. Plasmid pPM1762 was constructed by ligation of HindIII-digested DNA of plasmid pPM1761 with the HindIII fragment containing the vio oriT cassette (22) . This cassette allowed transfer of the plasmid from E. coli to S. albus and provided convenient screening for double crossover events.
In order to have a probe for Northern (RNA) blot analysis corresponding only to the hsp18 coding region, plasmid pPM1771 was constructed. A DNA fragment corresponding to the hsp18 gene was isolated from S. albus genomic DNA by PCR. Amplification reactions were carried out in a thermal cycler (Perkin-Elmer Cetus) with a pair of oligonucleotides, XM30 (CGGGGTACCATGCTGATG CGCACTGACCCC) and XM31 (CGGCTGCAGTCAGCCGGTGATCTGCC GGTG), and a Gene Amp kit (Perkin-Elmer Cetus). The amplification corresponds exactly to the hsp18 coding sequence (ATG to TGA). The KpnI-PstIdigested fragment was cloned into KpnI-PstI-treated pUC19, leading to pPM1771.
So that it could be used to express the HSP18 protein in other strains, a DNA fragment containing the entire hsp18 gene plus upstream and downstream sequences was inserted into an integrative-conjugative plasmid, pPM925 (25) . The complete insert of pPM1701 (XbaI-SacI) was subcloned into XbaI-SacI-digested pPM925, leading to plasmid pPM1725.
Isolation of RNA. Total RNA from S. albus was prepared by the method described previously (23). RNA was stored in H 2 O plus 0.1% DEPC (diethyl pyrocarbonate) at Ϫ80ЊC and quantified by reading the optical density of the mixture at 260 nm. The quality of RNA preparation was checked for each preparation by electrophoresis on 1.4% agarose gels.
Northern RNA analysis. Equal amounts of RNAs (20 g) were separated by electrophoresis (1.4% agarose-6.8% formaldehyde-1ϫ MOPS [morpholinepropanesulfonic acid] buffer) and transferred to a nitrocellulose membrane (Hybond N membrane; Amersham) in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 20 h. Blots were baked at 80ЊC for 2 h. Hybridization was performed at 65ЊC in 5ϫ SSC-5ϫ Denhardt's solution-0.5% sodium dodecyl sulfate (SDS)-4 mM EDTA. Blots were washed with 0.5ϫ SSC-0.1% SDS at 65ЊC. The probe used corresponded to the hsp18 gene coding region (fragment KpnI-PstI of pPM1771). S1 nuclease mapping. S1 nuclease protection experiments were carried out with 40 g of RNA and a single-stranded probe complementary to, and overlapping, the predicted start site of the transcripts by the method of Raibaud et al. (19) . M13mp18 containing an hsp18 insert was used to generate the singlestranded protecting DNA fragment. The nonsense strand, used as a probe, was synthesized with 18-oligomer XM5 (GCGACCTCCATCCGTACG) as primer. The oligomer, 5Ј end labeled with [␥-32 P]ATP, was extended with Sequenase. The 341-base single-stranded probe was released from the template after cleavage at an HinfI site (91 bp of ATG) and heating for 10 min at 85ЊC in 40% formamide-5 mM EDTA. It was purified on a 5% polyacrylamide-8 M urea gel and eluted in 0.3 M sodium acetate.
Heat shock response in streptomycetes and gel electrophoresis. Approximately 10 5 spores were used to inoculate YEME liquid medium, and cultures were grown for 20 h at 30ЊC. Aliquots of the culture (1 ml each) were either labeled immediately for 15 min at 30ЊC or shifted to 41ЊC for various times (5 or 20 min) and then labeled for 15 min with 80 Ci of [
35 S]methionine-cysteine (ICN). A 3-ml portion of ice-cold buffer A (20 mM Tris HCl, pH 7.5; 2 mM EDTA; 1 mM ␤-mercaptoethanol; 0.5 mM phenylmethylsulfonyl fluoride; 5 g of benzamidine per ml) was added. The cells were collected by centrifugation resuspended in 200 l of buffer A, and stored at Ϫ70ЊC. Thawed cell suspensions were disrupted by sonication, and SDS was added to a final concentration of 0.3%. Samples were then heated to 85ЊC for 5 min and centrifuged in Eppendorf tubes at 12,500 ϫ g for 15 min. The supernatants were stored at Ϫ20ЊC.
Equal amounts of total protein extracts (20 g) were separated by SDS-12.5% polyacrylamide gel electrophoresis (PAGE) according to the method of Laemmli (13) .
Nucleotide sequence accession number. The sequence data reported here (see Fig. 2 ) has been submitted to the GenBank database and assigned accession number U17419.
RESULTS
Isolation and sequence analysis of HSP18. In order to reassess the nature of the highly heat-inducible 18-kDa protein, this protein was purified. An 18-h S. albus culture was subjected to a 30-min heat shock at 41ЊC and then was fractionated by SDS-12.5% PAGE. The 18-kDa band was cut out of the gel and treated with trypsin. The tryptic fragments were purified by high-pressure liquid chromatography, and the two major peptides were sequenced by Edman degradation. The determined peptide sequences were ADYDAGVLTL (peptide 1) and EGDTYVVSFD (peptide 2). Both sequences show a striking similarity with that of the HSP18 protein of Mycobacterium leprae, and the first sequence contains the GVLTL consensus motif of the LMW HSP family (17, 28) . These sequences did not correspond to that of the Cpn18 protein, suggesting that at least two proteins with molecular masses of 18 kDa are induced by heat shock.
Cloning and sequencing of the hsp18 gene of S. albus. By Streptomyces codon usage, XM1 [CG(CG)CTGATGCTGCG (CG)CC(CG)CA], an antisense sixfold degenerate oligonucleotide based on peptide sequence 1, was synthesized. It was used to probe S. albus genomic DNA in Southern hybridization. A 2.9-kb BclI-SacI S. albus DNA fragment hybridized with the XM1 oligonucleotide. A pool of BclI-SacI fragments in the size range of 2.7 to 3.1 kb was partially purified from genomic DNA by agarose gel electrophoresis and cloned into the BamHI-SacI sites of pUC18. Following the transformation of E. coli, plasmids containing the desired insert were identified by colony hybridization with the XM1 probe. The complete insert of plasmid pPM1701 was subcloned into M13 for dideoxy sequencing reactions.
Analysis of hsp18 sequence. The nucleotide sequence of the region of pPM1701 that corresponded to hsp18 was determined and is shown in Fig. 1 . Codon usage analysis predicted a functional open reading frame (hsp18) that encoded a 143-amino-acid protein of 16,097 Da (a pI of 5.42 was predicted by the Genetics Computer Group [University of Wisconsin] software program). The peptide sequences obtained by Edman degradation of the two tryptic peptides are present in the predicted amino acid sequence of HSP18. N-terminal amino acid sequence analysis was carried out on the intact eluted HSP18 protein. The MLMR sequence obtained revealed that the N-terminal methionine was not removed in the experimental conditions. A search for sequence homology indicated that the HSP18 protein has significant homology with a number of proteins belonging to the alpha crystallin family of smHSPs. The S. albus HSP18 protein exhibited a striking similarity to the 18-kDa protein antigen of M. leprae (an smHSP) (Fig. 2) . A comparison of the S. albus HSP18 protein sequence with that of the 18-kDa M. leprae antigen revealed a 52% amino acid sequence identity. A substantial fraction (30%) of the nonidentical amino acids were conserved amino acid replacements.
Expression of S. albus hsp18 in xenogenic hosts. The 2.9-kb XbaI-SacI, hsp18-containing fragment in pPM1701 was subcloned into an integrative vector, pPM925, digested with XbaISacI, leading to plasmid pPM1725. This plasmid was intro- (Fig. 3) . Similar results were obtained with Streptomyces coelicolor (pPM1725) (data not shown). Expression of S. albus hsp18 in these xenogenic hosts was confirmed by Western blotting (immunoblotting) with rabbit anti-S. albus HSP18 antiserum (data not shown).
Kinetics of hsp18 transcription following heat shock. Transcription of the hsp18 gene was first investigated by Northern blot hybridization (Fig. 4) . Total RNA isolated from heatshocked cultures (at various times after a shift from 30 to 41ЊC) and from cells cultivated at 30ЊC was hybridized to an hsp18 internal fragment. These experiments failed to detect any hsp18 mRNA at 30ЊC but revealed an important thermodependent increase in the transcription of hsp18. A single signal, corresponding to a 500-nucleotide RNA, was detected after heat shock. This corresponds well to the predicted size of a monocistronic transcript ending at a sequence of dyad symmetry located immediately downstream of hsp18. A peak was reached after 20 min of heat shock, and the amount of hsp18 mRNA began to decrease at this time. Two hours after, heat shock mRNA reached a plateau of still high-level expression.
Determination of the transcriptional initiation site. To resolve the precise transcriptional start point of the S. albus hsp18 gene, S1 nuclease mapping was performed on RNA isolated from a culture subjected to heat shock at 41ЊC. Nuclease S1 protection experiments were carried out with singlestranded fragments overlapping the upstream region of hsp18 (Fig. 5) . A unique transcriptional start site was identified 46 bp upstream from the hsp18 translational initiation codon. An alignment of the Ϫ35 and Ϫ10 hexamers of the streptomycete vegetative consensus (26) and the hsp18 promoter is shown below.
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Disruption of S. albus hsp18. In order to disrupt hsp18, we used E. coli-Streptomyces conjugative vectors previously developed in this laboratory (22) . E. coli plasmids containing Streptomyces DNA fragments are unable to replicate in Streptomyces spp. Such plasmids may be introduced into S. albus by conjugation with plasmid-containing E. coli strains. The complete hsp18 gene cloned in pUC18 was disrupted by insertion of a thiostrepton resistance gene (tsr) into the unique MluI site located 97 bp downstream of the initiation codon, leading to plasmid pPM1762. After conjugation between E. coli S17-1 containing plasmid pPM1762 and S. albus, thiostrepton-resistant exconjugants were obtained and screened for viomycin sensitivity. Such clones (Tsr r and Vio s ) were assumed to be mutant strains in which hsp18 had been disrupted by tsr insertion due to a double crossover event at the hsp18 locus. The predicted integration of tsr was confirmed by Southern hybridization (data not shown). SDS-PAGE analysis of the heat shock response in an S. albus hsp18 mutant (S. albus hsp18::tsr) revealed a dramatic reduction in the level of expression of the 18-kDa proteins after heat shock (Fig. 6 ). However, a protein of 18 to 19 kDa weakly induced by heat shock was still observed.
Growth of wild-type and hsp18 mutant strains at different temperatures. The growth rates of the wild-type bacterium and the hsp18 mutant were compared at normal temperature (30ЊC) and during heat stress (37 and 42ЊC). Figure 7 shows typical growth curves for the S. albus wild-type strain in YEME rich medium, with a slowdown in growth at 22 to 23 h at 30 and 42ЊC (data not shown for 37ЊC). A similar phenomenon has been observed for S. coelicolor and Streptomyces hygroscopicus, and it has been shown to correspond to a transition period associated with the activation of antibiotic biosynthetic gene expression (8) . The growth rate of the mutant strain was indistinguishable from that of the parental strain at the various temperatures (30, 37, and 42ЊC) . No obvious abnormalities in differentiation or in gross colonial morphology could be observed on solid medium.
Effect of HSP18 on thermotolerance. In YEME rich medium, S. albus does not grow at temperatures higher than 44ЊC. In order to examine the role of HSP18 in thermotolerance, the percentage of survivors was examined after incubation at temperatures higher than 44ЊC. Twenty-hour wild-type and mutant S. albus cultures were assayed for basal and acquired thermo- 
DISCUSSION
This report presents the DNA sequence, characterization, and mRNA analysis of the hsp18 gene of S. albus. The protein coded for by hsp18 belongs to the family of LMW HSPs.
The strong hsp18 gene expression in xenogenic hosts and the low-level expression of a thermoinducible 18-to 19-kDa protein observed in the hsp18 mutant dispelled the misconception that Cpn18, the N-terminal region of GroEL1, was the actively synthesized 18-kDa HSP visualized by SDS-PAGE in S. albus crude extracts. In order to explain the results reported in 1991 (7), we have to assume that our protocol had purified only Cpn18, a minor component. The LMW HSPs are known to form high-molecular-weight complexes in eukaryotes during the heat shock response. It is possible that we had lost most of these heat shock granules during the purification steps, and this resulted in the purification of the minor heat shock-induced protein Cpn18. Evidence for granule formation in S. albus has been obtained in the form of an 18-kDa polypeptide present in all samples of S. albus crude extract fractionated by sucrose gradient centrifugation (6a).
The observed Cpn18 could be an artifact or a natural degradation product. There are reports indicating that proteasestable, GroEL-derived globules can be obtained by mild proteolytic treatment (15) . Alternatively, Cpn18 could arise physiologically. At present, this question is best addressed by the effort to disrupt the cpn18 gene (22) . Although groEL1 could be disrupted at its 3Ј end, the inability to generate strains containing groEL1 5Ј disruptions suggests that this part of GroEL1 is indispensable for growth.
Two homologous hsp18 genes were identified in Mycobacterium avium and Mycobacterium intracellulare (1) , raising the question of the possibility of numerous hsp18 genes in S. albus. We have been unable to detect other hsp18 sequences in the DNA of S. albus by hybridization with hsp18 at high and moderate stringency, suggesting that S. albus, like M. leprae, contains a single hsp18 gene.
The function of LMW HSPs in bacteria is still unknown. Analysis of an S. albus hsp18 null mutant provides the first evidence of a role for these proteins in thermotolerance in bacteria. Expression of hsp18 is induced by heat shock at the mRNA level. Analysis of the transcription initiation site of hsp18 revealed that it is preceded by streptomycete vegetative Ϫ10 and Ϫ35 sequences. Thus, it seems unlikely that hsp18 is regulated by an alternative sigma factor, such as the 32 of the heat shock regulon of E. coli. Numerous heat shock genes of different bacteria are preceded by an inverted repeat of 9 bp designated CIRCE (controlling inverted repeat of chaperone expression) (30) , which plays a regulatory role in the expression of heat shock genes. However, CIRCE is not present upstream of the hsp18 gene, and transcription of the hsp18 gene may be regulated by another mechanism.
Thermoregulated expression of S. albus hsp18 in the xenogenic hosts S. lividans (this work) and Mycobacterium smegmatis (27a) indicates that the hsp18 promoter could be used as a strong inducible promoter for gene expression in actinomycetes. This possibility should motivate further studies to clarify the mechanisms responsible for hsp18 thermoregulation.
